Bimetallic precious-metal nanoparticles (NPs) are promising as components of heterogeneous catalytic systems, however the synergistic effects that occur when combining multiple elements in these discrete systems are still being understood. Here, we present a systematic computational study that investigates the effect of geometry and compositional arrange- but not quantitative agreement with previous two-dimensional slab calculations. In contrast, strain effects from structural choices and elemental size mismatch play a minor role in altering energetic levels. Charge transfer between the core and shell regions of the NPs is a balance between the increased electronic degrees of freedom that implicitly exists at an NP surface and the electronegativity of the constituent elements, with Au and Ag respectively good and bad at retaining electron density. We use our results to rationalise recent experimental observations, and foresee that the outcomes will assist the rational atom-by-atom design of future nanoparticle catalysts.
Introduction
Metallic nanoparticles (NPs) offer great promise for applications in chemical sciences due to their novel properties when compared to bulk or atomic counterparts. Since the first reports of the reactivity of gold NPs by Haruta 1 and Hutchings, 2 applications of precious-metal NPs have become widespread through catalysis, 3-8 electronics [9] [10] [11] and optics. [12] [13] [14] However, the scarcity and highcost of Au and Pt demands a shift towards improvements in the design and controlled synthesis of precious-metal NPs. 15 The use of bimetallic NPs, where two metals are combined, has thus proven an excellent method for reducing costs whilst improving the catalytic chemistry feasible with NPs. [15] [16] [17] [18] Size, structure and chemical arrangements of the bimetallic NPs can be experimentally controlled through careful synthesis protocols, 19, 20 which allows fine tuning and maximisation of the the synergistic benefits available when combining multiple elements. 17 Bimetallic NPs can be categorised broadly as having alloy, janus-segregated or core@shell chemical arrangements, with the latter particularly appealing for catalysis as it is relatively facile to synthesise, with e.g. sequential precipitation, and a reactive "first-choice" metal can be supported on a core of an alternative cheaper material, lowering the manufacturing cost of the catalyst and potentially improving turnover frequencies due to compositional synergy. [21] [22] [23] [24] [25] The discrete nature of NPs lends themselves towards computational modelling techniques where forcefield or quantum mechanical methods can elucidate fundamental properties. 17 Many comprehensive computational investigations have been considered for bimetallic NPs, or "nanoalloys", 16, 17 with emphasis on exploring either: (i) the structure, chemical arrangement and properties of energetic minima; 17, [26] [27] [28] [29] [30] [31] or (ii) the surface reactivity of idealised structures. [32] [33] [34] [35] [36] Whilst the extrapolation of properties for single-element systems to large NP sizes are well established, 37, 38 the same process is complicated for bimetallic NPs by the additional compositional parameters.
Similarly, the relationship of catalytic observables, such as reactivity, to the position of the dband centre [39] [40] [41] [42] [43] [44] or structural features, such as edges and vertices, 45, 46 have been investigated thoroughly for monometallic NPs, but bimetallic NPs are structurally and compositionally more complicated; 47 too simplify the analysis, d-band positioning, and chemical interactions, are often considered using periodic slab models with dopants and/or monolayer coverages of a secondary element probing the property changes. 23, 25, 48 For unrelaxed slab models, Ruban et al. documented shifts in the d-band centre for a range of transition metals; 49 the effect of epitaxial strain on d-band chemistry has been generalised since for bimetallic surfaces, 50, 51 with the width of the surface d-band noted as being responsive to structural factors, and the d-band centre downshifting in response to band broadening. Such effects have been correlated to CO chemisorption on to Pt-and Pd-coated Au surfaces by Pedersen et al. 52 and Roudgar et al., 53 respectively. Despite the range of work covering bimetallic bulk surfaces, the properties of bimetallic NPs remain less thoroughly studied. Tang and Henkelman showed that the binding energy of atomic oxygen correlates to d-band levels of the surface layers in M@Pd NPs, where M ranged over Mo, Co, Cu, Ag, Au and Pd. In particular, noble metal cores (Ag, Au) resulted in an upshift in the surface d-band states, which led to stronger surface binding of the O species. 54 The authors note that strain affects the position of the d-band centre in the NPs, but structural relaxation minimises this effect when compared to single-crystal (i.e. slab) surfaces, at which point the redistribution of electron density has a greater influence. However, Gorzkowski and Lewera recently reported a disagreement between experiment and d-band theory for formic acid decomposition over Pd-core Pt-shell (Pd@Pt) nanoparticles, 55 which was attributed to changes in the density of states close to the Fermi level rather than the overall d-band width. Similarly, formic acid decomposition over M@Pd NPs (M = Rh, Ru, Ag, Au, Pd, Pt) was correlated with influencing factors beyond the standard d-band model, focusing instead on the work function of the core element, with Ag being most effective, and surface charge accumulation used as rationale for the experimental results. 56 In contrast, Holmberg et al. produced recently an investigation of the Fermi energy (ε f ) position for bimetallic AuAg nanoparticles, finding this was simply an average of ε f for monometallic systems weighted by the percentage of the surface covered by each elemental species, e.g. ε f for Au@Ag would be the same as for a purely Ag NP. 57 This behaviour was attributed to charge equilibration across the bimetallic interface, and noted as being analogous to Vegard's law for the lattice parameter of binary bulk systems, 58 which opens up questions as to: (i) whether other attributes of NPs are similarly dependent on the surface coverage by a particular element; and (ii) whether these properties are affected by NP geometry.
To address some of the inconsistencies reported, and gaps in the literature with respect to the d-band model for discrete bimetallic NPs, we have performed a density functional theory (DFT) investigation of the energetic and electronic properties for core@shell segregated bimetallic NPs, composed of the elements Ag, Au, Pd and Pt. We focus on NPs with 147-atoms, which allows us to exclude spurious "quantum effects". We study a range of structural motifs from close-packed through to bulk fragments, which allows us to compare the structure-dependent properties for elementally equivalent systems. As for the periodic slab models highlighted from previous investigations, the chemical arrangement of the constituent elements affects electronic observables and we discuss our observations with respect to the recent experimental and theoretical results outlined.
Methodology

Structural Definitions
Three high-symmetry, 12-vertex geometries have been considered throughout this work, namely the icosahedron (Ih), Ino-decahedron (I-Dh) and cuboctahedron (CO). Each of these motifs has the same "magic number" nuclearities given by the third-order polynomial: 59
where k is the number of shells in the structure; the first few values of N ("magic numbers") in this sequence are 13, 55, 147, 309 and 561. Increasing k leads to larger N but a lower proportion of surface atoms, as explained via the liquid drop model. 60 The Ih, I-Dh and CO structures have distinct atomic arrangements, which leads to differing geometrical attributes ( Figure 1 ). The Ih consists of 20 (111) faces, making it the most spherical of the three structures. This arrangement minimises the surface area to volume ratio whilst maximising nearest neighbours contact, at the expense of higher internal strain. 61 The Ih is energetically most stable for small clusters, where the energy penalty of the large surfaces is too great unless exceptional electronic configurations exist. 62 The minimisation of internal strain is more important for large clusters: The CO, with 8 (111) faces and 6 (100 faces), is a fragment of an FCC crystal and therefore internal strain is at its lowest, meaning that CO is energetically preferable as N → ∞. 62 The I-Dh motif occupies the transitional space between these two geometries, with its structure not containing the tight packing of the Ih structure nor the FCC crystalline structure of the CO: it has 10 (111) faces and 5 (100) faces.
In the following work, calculations have been performed on the Ih, I-Dh and CO structures with N = 147. We have focused on model systems so as to characterise the effect of core@shell segregation on NP properties. Thus, we have only considered local, rather than global optimisation for structures. This can be rationalised by considering how the formation and stabilisation of structures with varied geometry and chemical segregation can be performed in experimental synthesis, due to e.g. kinetic trapping [63] [64] [65] [66] and ligand-induced surface stabilisation. 17, 67, 68 The range of structures considered allows us to identify variations with respect to topology as well as composition.
Computational Methods
Energy calculations were performed using density functional theory (DFT), as implemented in the real-space finite-difference DFT code GPAW. 69, 70 GPAW uses the all-electron density, where the core electrons are described using the projector augmented wave (PAW) in the frozen core approximation, 71 with the setup based on a scalar-relativistic spin-paired all-electron calculation.
The PAW setup has recently been shown to be the most suitable ionic-core method for calculating the properties of large NPs as an alternative to more computationally-exhaustive all-electron calculations. 72 Only the valence electrons are treated explicitly in our calculations, via soft pseudo valence wavefunctions; for Ag and Au, this constitutes the outermost 11 electrons (4d 10 5s 1 and 5d 10 6s 1 configurations, respectively), whilst for Pd and Pt the outermost 10 electrons are included (4d 10 and 5d 10 , respectively). The Kohn-Sham wavefunctions are expanded directly on a real space grid, with spacing of 0.18 Å, and the Hamiltonian is diagonalised after each geometry step using the RMM-DIIS eigensolver. 73 The generalised gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) 74 is used for the exchange-correlation (XC) energy functional. Fermi-Dirac smearing of 0.1 eV was used to aid self-consistent field (SCF) convergence. No boundary conditions were imposed and therefore all orbital energies are relative to the vacuum level (0 V). The structure of bulk metals are calculated using a primitive FCC unit cell and a 14 × 14 × 14 k-point mesh, with all other parameters as outlined above. Lattice parameters were minimised with respect to energy using an equation of state.
Structural optimisation was performed using a quasi-Newtonian (BFGS) method 75 until the maximum force on all atoms is below 0.01 eV/Å, and the total energy change between steps is less than 10 −4 eV. The Kohn-Sham orbitals are re-optimised after each ionic step, via self-consistent evaluation, until the change in density is less than 10 −5 electrons per valence electron and the integrated square of the residuals of the Kohn-Sham equations is less than 10 −8 per state. Charge redistribution is calculated using Bader charge analysis as implemented by Tang et al. 76 All density of states (DOS) are computed by directly projecting the wavefunctions on to atomic orbitals, centred at the atomic coordinates of the optimised geometries.
Structural Analysis
The strain at each atomic site was calculated by considering the deformation of bonds in bimetallic NPs compared to the equivalent monometallic systems, with results averaged as a function of like atom species. The strain is expressed as a percentage of the total deformation:
where L and l are the initial and final lengths of the bond of interest. With this notation, contraction of the bond leads to compressive strain whilst extension gives tensile strain.
Energetic Analysis
The binding energy per atom (E b ) for a bimetallic cluster of composition X N−m Y m is defined as:
where E tot is the total energy of the system, N is the total number of atoms, m is the number of atoms of element Y, and E X and E Y are the energies of the gas-phase atoms X and Y, respectively; m = 0 for a monometallic system. Our definition is such that a more positive number indicates stronger binding and, at the bulk limit (N → ∞), our E b therefore relates to the bulk cohesive
E tot , as reported in GPAW, is relative to the energy of the reference gas-phase atoms (E X and E Y ) calculated in a spin-paired and spherically symmetric state when generating the PAW setup.
However, the energy of the considered gas-phase atoms are dependent on their spin-state and the calculation setup, and this is particularly important for Ag and Au, where S = 1 2 in the ground state. Thus, the ground-state energies of the gas-phase atoms are calculated to be -0.19, -0.24, -0.04 and -0.32 eV relative to the spin-paired and spherically symmetric reference state for Ag, Au, Pd and Pt, respectively.
Electronic Analysis
The energy of the highest occupied molecular orbital (ε HOMO ) and lowest unoccupied molecular orbital (ε LUMO ) are provided relative to the vacuum (0 V), having been taken directly from the eigenvalues at the end of the self-consistent calculation. The Fermi energy (ε f ) is also reported where appropriate: this includes smearing effects and indicates the level at which the orbitals are equiprobable of containing an electron. The difference between ε HOMO and ε LUMO is known as the energy gap, ε g . The centre of mass for the d-electrons,ε d , is analogous to the d-band centre for bulk 41 and given by: 33ε
where ε is the eigenvalue of an electronic state, ρ d (ε) is the density of d-electrons for this particular eigenvalue, and ρ d is the total number of d-electrons. "Core" and "shell" atomic subsets of the total systems were also identified by applying Eq. (4) and Ag (2.95 eV) due to bond-lengthening effects at the GGA level of theory. 78, 79 The ordering of ε HOMO inversely correlates with faces, respectively. 82 Our results for NPs are less than the bulk values by ≈ 0.5 eV, which we believe is an effect of quantum confinement i.e. the discretisation of the electronic energy levels.
Bimetallic NPs 3.2.1 Structural and Energetic Properties
E b for the bimetallic NPs (Table 1) can be related to the monometallic results through Vegard's law, which dictates that properties of a mixed system will be linearly dependent on the properties of the constiuent elements. 58 Instability for the Ih is sometimes related to excessive internal strain from shortened internal bonds (Figure 2 ), where the strain can be reduced by positioning a smaller element in the core for bimetallic systems; [83] [84] [85] 82 Thus, the Ih core@shell could be rationalised as potentially particularly stable for (Group 10)@(Group 11) configurations, with the inverse being the lease stable. However, this hypothesis of instability when the larger element is in the NP core is only valid for Au@Pd (Figure 2 ), where the CO structure relieves internal strain; unaccounted charge transfer effects influence stability for other compositions. We note that the stronger binding element is at the core of the structure for other compositions favouring CO motifs (Au@Ag and Pt@Pd) and thus we suggest that the FCC fragment facilitates ideal bond lengths for the stronger element (Figure 2 ), resulting in stronger overall binding for the CO motif.
Calculation of the strain for the core (e core ) and shell (e shell ) components of the system, as presented in Figure 3 , confirms there is an inverse correlation between core and shell strain for most structures; however, whilst for Ih and I-Dh motifs there is typical not net gain in strain, net positive strain is observed for CO, with the most prominent outliers being CO structures with Ag shells, namely Au@Ag, Pd@Ag and Pt@Ag. We tentatively associate this observation with the interatomic distances in the pure Ag nanoparticle being heavily contracted at specific sites on the CO surface, such as vertices, as seen in Figure 2 ; however, this cannot be the complete explanation as the effect is observed irrespective of the size of the element in the nanoparticle core, for both smaller (Pd, Pt) and larger (Au) species, and so electronic effects may also play a role. Bond lengths, given in Å, are highlighted in red for specific internal bonds to show the difference in interaction distance in the core and shell regions.
More generally, three clustering of data points is observed in Figure 3 , which can be attributed to the relative E b of the monometallic systems. For systems where the element on the nanoparticle shell has a higher E b than the core element, compression of the core and expansion of the shell is observed; for the inverse, with the strongest binding element in the core, expansion is observed in the core in order for the system to maximise the energy available from these stronger bonds. Such behaviour is most prominent for Pt, and to a lesser degree Pd; for Ag@Pt, the Pt shell compresses the Ag core (e core = -3.98 % in the case of the Ih motif); inversely, for Pt@Ag with the same motif, the core expands (e core = 2.59 %). For systems where the relative E b of the composite elements are similar, there is significantly less strain present in the core and shell regions of the nanoparticle, hence the clustering of points where e core ≈ e shell ≈ 0.
Figure 3: Relative strain on the core and shell atoms compared to the equivalent monometallic structures. Purple squares, green circles and blue triangles represent CO, I-Dh and Ih structural motifs, with the lines of best fit displayed as dashed lines as a guide to the eye. Significant outliers, namely CO structures with net positive strain, are highlighted in red, whilst CO structures that are the lowest energy motif for any composition are also highlighted in black.
Electronic Properties
The electronic properties of the bimetallic NPs have common trends: ε f , ε HOMO and ε LUMO are defined by the element in the NP shell, agreeing with previous observations that ε f is dependent on shell composition. 57 Presented in Table 2 are the values for ε HOMO when considering the monoand bimetallic Ih structures, with clear correlations visible in each column, indicating that the shell element dictates this particular electronic property. It is noted that for the weaker binding Ag, ε HOMO decreases when stronger binding core elements are considered; and for the stronger binding Pt, an inverse correlation is observed i.e. ε HOMO decreases as weaker binding core elements are considered.
To illustrate further our point that nanoparticle properties depend heavily on the shell element, , who observed similar differences between computation and experiment themselves, and associated errors with underlying physical faults in DFT; 44 given that our results for monometallic systems are similar to those previously reported, we direct the reader to this previous work for a more thorough discussion of the monometallic systems.
In the case of bimetallic NPs, we again compare our results to the fixed slabs of Ruban et al., where a monolayer "shell" of second species was included over a slab "core". 49 The relative changes inε d shell (Table 3) To understand where the electrons have localised in our NPs, we analyse the atomic charge in the NPs, which can be correlated with variation in e.g. reactivity for vertices, edges and faces. With respect to charge equlibration alone, the most important information is whether charge accumulates in the shell or the core of the NPs: the increased degrees of freedom at a surface will attract electrons away from the core, though this could be countered by a strongly electronegative core element. For example, charge transfer from Ag to Au is common in AuAg NPs as the Au (2.4) is more electronegative than Ag (1.9), 86, 87 whereas the electronegativity of Pd and Pt, which is 2.2 in both cases, differs less compared to the Group 11 elements, 77 and thus charge transfer may be considered less of an energetic driving force.
Our results for charge transfer (Table 4 ) have clear trends: for Ag@M, the core has significant charge depletion (q core > 0 e/atom), for all bimetallic NPs, with charge accumulation on the surfaces (q shell < 0 e/atom) and particularly the vertex sites (SI). Furthermore, for an Ag shell (M@Ag), charge transfer is also to the second element, indicating that, for the Ag containing NPs, the low electronegativity is more influential than surface effects. For cores of Au, Pd and Pt, charge Referring back to the work of Tang and Henkelman, charge depletion was observed at the surface for Ag@Pd and Au@Pd, which may be related to strain effects in the FCC motif, 54 though no such effects were noted for our FCC fragment (CO) nor the I-Dh motif (SI). In contrast, we do observe similar results to Holmberg et al.: 0.05 and 0.07 e/atom are transferred to the surface for Au@Ag and Ag@Au, respectively. However, they also note the charge depletion from the core is inhomogeneous in the latter case, being predominantly from the subsurface layer, which may have some relation to the results we observe for an Ag core. In our simulations, the charge mostly accumulates at the NPs vertices ( Figure 5 ), which we attribute to the lower coordination of these sites compared to edge and surface atoms; this trend is consistent for the Ih, I-Dh and CO structures (SI). We also note the variation in charge of the surface atoms for Figure 5A and Figure 5B , which is attributed to the breaking of symmetry in the structure geometry during the preceding structural optimisation. With this in mind, we now consider the report of Gorzkowski and Lewera, 55 whereε d was measured as being particularly low for Pt@Pd NPs (-2.61 eV) and the previous computational results were labelled erroneous because of an absence of a downshift inε d shell . From our results
in Table 3 , we see that there is a downshift if we consider the d-band centre of the entire NP,ε d , as might be measured via XPS; however, the d-band states on the surface are higher than for the Pt core. Thus, our simulations differentiate between core and shell atoms, whereas the reported experiment does not appear to do so. In addtion, we also note that the monometallic results from
Gorzkowski and Lewera, of -2.02 and -2.80 eV for Pd and Pt, are in very good agreement with our ε d results of -1.97 and -2.67 eV.
Similarly, let us consider the results of Tedsree et al. 56 for M@Pd, where higher reactivity is attributed to a smaller work function for the core metal and the d-band model does not given a similar linear correlation. We do not disagree with the observations for the work function, which are matched in our results, but we also observe that Ag@Pd has a relatively lowε d core , and this increases for Au@Pd and Pt@Pd. Thus, the effects we observe can be related to interfacial charge transfer effects, which are then dependent on the inherent material workfunctions. Additionally, though, we note thatε d shell is relatively static in all our calculations, which implies other driving forces may be worth considering for the surface chemistry observed in experiment.
As a final observation, we look in more detail at the role of strain on the change of NP properties. As seen in Figure 6 , little to no absolute change is observed forε d shell , or ε HOMO (SI, Figure   S5 ), due to the strain on the surface elements when changing the core element. In contrast, strain has more varied outcomes for the core elements:ε d core shifts by a considerable amount relative to the monometallic NP. Thus, further work is needed to systematically investigate these effects in the regime that is beyond that of quantum confinement (N < 100) whilst not yet at the bulk, as it seems the behaviour remains unpredictable at these sizes. Open questions remain with respect to the role of strain and whether such effects could be harnessed for monolayer metallic deposition on inorganic substrates, thus resulting in a shift of the d-band centre. We will investigate this in our future work. 
Conclusions
We have investigated the structural, energetic and electronic properties of bimetallic NPs composed of the precious-metal elements Ag, Au, Pd and Pt, focusing specifically on the properties of core@shell nanostructures. The energetic properties are strongly correlated with the cohesive energy of the composite elements, with most compositions favouring the Ih structure for the 147-atom motifs investigated. Three specific chemical arrangements are more stable in a CO structure at this nuclearity, namely Au@Ag, Au@Pd and Pt@Pd. For Au@Pd, the compressed nature of the internal bonds in an Ih destabilises this motif relative to the CO, whereas perhaps such a structural preference is not observed for Au@Pt due to the greater strength of the encapsulating Pt-Pt bonds.
For Au@Ag and Pt@Pd, the considered elements have similar radii but the stronger binding element is also at the core of the structure, and thus we conclude that an ideal bond length for this element, as facilitated by the FCC motif, ensures that the overall binding of the CO NP is stronger than the more compressed Ih.
Analysis of the electronic structure shows that the energy of the highest occupied molecular orbitals (ε HOMO ) is strongly correlated to the element in the shell of the NP, with minor variance depending on the core. ε HOMO is lowest for systems with a Pt shell, and increases when Pt is replaced by Pd, Au and Ag, respectively. For Ag@M, an energy gap in the electronic levels is identified, which is also seen for Au@Au and Pd@Au; no energy gap is seen for systems with Pd This observation is extremely important as these are the physically accessible states for interacting adsorbate molecules. Finally, we analysed the charge segregation across the NPs. In general electrons accumulate at the NP surfaces irrespective of the core@shell composition, except in the case of Ag: for M@Ag the core tends to gain electron density, which is explained due to the low electronegativity of Ag (1.9) with respect to other constituent elements (Au: 2.4; Pd: 2.2; Pt: 2.2). In all cases charge accumulates more prominently on the vertices of the NPs, especially for Pt surfaces, and less so on the edges and surfaces, showing a distinct correlation between coordination number and charge accumulation.
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